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ABSTRACT: The next generation sequencing (NGS) technologies have been rapidly evolved and applied to various research
fields, but they often suffer from losing long-range information due to short library size and read length. Here, we develop a
simple, cost-efficient, and versatile NGS library preparation method, called tagmentation on microbeads (TOM). This method is
capable of recovering long-range information through tagmentation mediated by microbead-immobilized transposomes. Using
transposomes with DNA barcodes to identically label adjacent sequences during tagmentation, we can restore inter-read
connection of each fragment from original DNA molecule by fragment-barcode linkage after sequencing. In our proof-of-
principle experiment, more than 4.5% of the reads are linked with their adjacent reads, and the longest linkage is over 1112 bp.
We demonstrate TOM with eight barcodes, but the number of barcodes can be scaled up by an ultrahigh complexity
construction. We also show this method has low amplification bias and effectively fits the applications to identify copy number
variations.
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■ INTRODUCTION
Next generation sequencing (NGS) technologies have been
rapidly developed in the past decade and have revolutionized
current research and applications in life sciences and
medicine.1,2 For most NGS methods, especially those prevalent
in high-throughput approaches, it is challenging to provide
long-range DNA information because of the limitation in
library size and read length. Such characteristics may hinder
various applications in which the long-distance relationship of
the DNA sequences is importantrepeat-region sequencing,3

genome assembly,4 haplotype phasing,5 and alternative splicing
analysis to name a few.6 Although single-molecule sequencing
technologies are promising on long read-length,7,8 their
sequencing accuracy and throughput are still insufficient.9,10 A
practical approach to filling such genomic information gaps is
to encode additional information in each short NGS read to
retain the long-range relationship between reads. Matured and
widely used examples include paired-end,11 mate-pair,12

HiC,13,14 synthetic long read,15,16 and several microfluidic-
based technologies.10,17−19 In general, however, these experi-

ments are labor-intensive and cost-inefficient. Therefore, there
is a strong need for a high throughput, cost-effective, and
versatile method to recapture such inter-read information in
NGS.
Recently, hyperactive Tn5 transposase-mediated library

preparation methods have shown great potential in simplifying
the experimental process by performing both DNA fragmenta-
tion (cleaving) and adapter ligation (tagging) simultane-
ously.20,21 Two Tn5 transposases with each binds to a
double-strand oligonucleotide containing the 19-bp mosaic
end (ME) could be in vitro assembled into an active dimeric
Tn5 transposome.22 The constructed Tn5 transposome can
randomly fragmentize template DNA and ligate the oligonu-
cleotides onto the ends of fragmented DNA.23 This
tagmentation process is proven to be highly efficient and
rapid, with low starting material requirement.20 Various
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applications have been developed on the basis of Tn5
tagmentation and sequencing. For example, ATAC-seq maps
the transposase-accessible chromatin region and provides
genome-wide open chromatin profiles even for single cells.24

With the capability to label template DNA with specific
oligonucleotides, the tagmentation process is an ideal editing
tool to attach barcodes to each fragment thus leaving the
information on the template DNA. Amini et al. developed
CPT-seq which uses the contiguity preserving Tn5 tagmenta-
tion and combinatorial indexing to capture the haplotype
information.25 However, this method requires sufficient
resources (e.g., abundant Tn5 transposase, custom sequencing
recipe and primers) and it is difficult to be adapted to other
sequencing applications.
In this work, we report a tagmentation on microbeads

(TOM) strategy to restore long-range DNA sequence
information using next generation sequencing with library
prepared by surface-immobilized transposomes. We use
microbeads-attached identical-barcoded oligonucleotides and
encode the information to template DNA through tagmenta-
tion. With each unique barcode representing the original DNA
molecule, the long-range DNA information is retained. We did
a proof-of-concept experiment with eight barcodes and verified
the existence of this long-range linkage in the sequencing data.
TOM successfully restored the linkage information and could
be used on both 5′- and 3′-end tethered beads with high
efficiency and low bias. It can also be scaled up to construct
ultrahigh complexity barcodes for further applications.

■ RESULTS AND DISCUSSION
In conventional NGS experiment, DNA fragments are
sequenced independently. To restore the long-range informa-
tion, a connection between reads has to be built. We took

advantage of the barcoding ability of Tn5 transposome. During
the tagmentation process, Tn5 transposome cuts the template
DNA and adds the oligonucleotides with barcodes to both ends
of the fragmented DNA, which would be presented in different
fragment ends (reads) during sequencing. This feature provides
the possibility to link two “neighbor” fragments that cut by one
Tn5 transposome, because they share the two barcodes from
that single Tn5 transposome. However, barcodes with ultrahigh
complexity were required to distinguish every fragment, which
in theory should be higher than the number of fragmented
molecules (∼1010 for 5 ng genomic DNA), making this
approach hard to implement and extremely expensive. To
reduce the barcode complexity requirement, we took advantage
of another intrinsic feature of Tn5 transposition, a 9-bp target
sequence duplication after tagmentation and repairing.26 Such
9-bp end-duplications are present at both ends of molecules
after in vitro gap-filling and can be treated as natural extensions
of barcodes. Because the Tn5 cut-sites are randomly distributed
along the template DNA,20 it is unlikely that two molecules
share the same cut-site by coincidence. Thus, fragments with
the same barcode but different 9-bp end-duplications should
not have been cut by the same transposome. Theoretically,
combining the barcode and the 9-bp end-duplication sequence
as a unique fragment identifier (UFI) can accurately identify the
neighbor fragments with barcode complexity 5 orders of
magnitude (49 = 262 144) lower than the theoretical require-
ment. Ideally, with 100% reaction efficiency and recapture rate
of all fragments, we could use UFIs to concatenate every
fragment to reconstruct the original full-length template DNA
molecules, only requiring the barcode complexity to be larger
than the count of the most abundant fragment. The one
essential requirement for this approach is that the two barcodes
from one transposome should be either the same or with

Figure 1. Overview of the tagmentation on microbeads (TOM) method. (A) Experimental procedure for library generation by barcoded microbeads
tagmentation. (B) The illustration of the Tn5 transposome on barcoded microbeads. (C) Linkage between neighbor fragments. During
tagmentation, each template DNA molecule was tagmented by one bead. Hence, fragments that were generated from the same DNA molecule would
have identical barcode. Neighbor fragments also share the same 9-bp duplication at the cut-site.
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certain linkage. However, such requirement is difficult to
achieve in in-solution reaction but feasible when barcodes are
immobilized on solid-phase.
We designed a Tn5 tagmentation strategy with solid-phase

immobilized barcoded oligonucleotides to recover long-range
information and reduce the requirement for high complexity
barcodes. The overall experimental process of our TOM
method (Figure 1A) contains two major steps: (1) use solid-
phase immobilized barcoded oligonucleotides with Tn5
transposase to tagment the DNA fragments; (2) amplify the
DNA fragments with PCR, followed by standard NGS
procedures. The first step is critical, requiring careful design
of the surface immobilized oligonucleotides (Figure 1B). Each
bead is linked, through biotin−streptavidin binding, with
105∼106 copies of DNA oligonucleotides with identical
sequence. The oligonucleotide contains several parts: a 5′-
biotin modification, a linker to reduce steric effect, a PCR
handler to amplify the fragment with barcodes after
tagmentation, a 12-bp barcode, and a 19-bp hyperactive Tn5
mosaic end sequence (Tn5ME) that is necessary for trans-
posome construction.21 To ensure each DNA molecule was
tagmented by only one bead, which will result in identical
barcode representing one molecule, beads with a comparable
number of input DNA molecules were added to the reaction
(∼108 in each reaction). If more than one DNA molecules were
tagmented by one bead, these DNA molecules were unlikely to
be from the same genomic region, and they could be
distinguished by their genomic position when aligned to the
reference genome. Also, considering the input DNA length
(∼20 kb or ∼6.8 μm), we used beads with comparable
circumference (2 μm in diameter). The small diameter of the
beads can help keeping beads in suspension to reduce the
probability of tagmentation occurring on multiple beads. After
tagmentation and gap-filling, the neighbor fragments will have
the same barcode and 9-bp end-duplication that provide
reliable linkage between fragments (Figure 1C and Figure S1).
As a proof-of-principle test, we started with 5 ng of genomic

DNA from a human cell line HEK293 as input to verify
whether the barcodes combined with the end-duplication can
be used as the UFIs to link the neighbor fragments in a low-
complexity-barcode scenario. We first synthesized oligonucleo-
tides with eight different barcodes and immobilized them on
beads separately. With 105 ∼ 106 copies of identical barcoded
oligonucleotides on each bead, we merged equal portions of
eight beads to form a pool (identical-on-bead). By adding Tn5
transposase to the beads pool, Tn5 transposome were
assembled. Using such bead-immobilized Tn5 transposome
for tagmentation, each fragment from one template DNA was
linked on the same bead with the same barcode through
phosphodiester bond.27 The tagmentation reaction was
conducted for 60 min to maximize the tagmentation efficiency.
Because of the magnetic beads employed, the reaction can be
terminated by changing buffer after magnet separation without
requirement for purification. Then 12−18 cycles of PCR were
performed to enrich the fragments with barcodes at both ends,
followed by a standard NGS library preparation with slight
modification.
Paired-end sequencing was performed to obtain barcodes at

both ends of insert DNA. The barcodes could be easily
recognized from the sequencing reads through their character-
istic positions and sequence context. We then examined the
barcodes of each pair of reads to check whether each template
DNA molecule was tagmented by one bead. If both reads in a

pair had identical barcodes, this fragment was either tagmented
by a single bead, or tagmented by two beads with the same
barcode which was a rare event through increasing the variety
of barcodes. In the sequencing data, we observed that majority
of the paired-end reads (>85%) had the same barcode, which
indicates each template DNA was tagmented by one bead. As a
control experiment, we immobilized eight different barcodes on
one bead pool (mixed-on-bead). In this way, the barcodes in
the paired-end reads were randomly arranged after tagmenta-
tion and sequencing. As expected, a small portion of the paired-
end reads (<13%) had the same barcode, which was the result
from random assignment (Figure 2A). These observations

proved that tagmentation for each template DNA molecule
indeed occurred on a single bead. Therefore, using TOM, we
can encode barcodes into DNA molecules as unique molecule
identifiers (UMIs) to label and quantify molecules.
The application of UMI is limited if the number of barcodes

is smaller than the number of identical molecules. Low barcode
complexity is not sufficient to determine the origin of fragments
because fragments from different template DNA molecules
could share the same barcode. Thus, it still requires high
barcode complexity. Recently, Zhang et al. developed a method
call CPTv2-seq using the same principle to resolve haplotype

Figure 2. Long-range linkage in proof-of-principle experiment. (A)
Percentage of the fragments that have identical barcodes in both ends
while using two types of beads. We constructed mixed beads by mixing
eight different barcoded oligonucleotides and tethering them on beads.
Identical beads were constructed by first tethering identical barcoded
oligonucleotides on beads then mixing eight kinds of beads together.
(B) Relative counts for overlapped fragments. For each fragment, we
search for overlapping reads within its 20 bp neighborhood. We sorted
all fragments with such overlapping reads by number of overlapped
bases, and we examined if the overlapped ends had the same barcode
(Homo) or not (Hetero). The 9-bp peak was clearly indicated by gray
dash line. The counts were normalized by the total counts with 9-bp
overlaps. The Hetero group counts were multiplied by −1 for better
illustration.
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phasing by a beads library with ∼150k barcodes,28 which is not
feasible for most researchers. Conventionally, the genomic
position (Tn5 cut-site in our case) can also be considered as a
barcode. So, in our low-barcode-complexity scenario, when the
barcode is combined with the 9-bp end-duplication at the cut-
site for each fragment end, some linkage between the neighbor
fragments might be restored. We first confirmed the 9-bp end-
duplications exist in the NGS sequencing data by comparing
the fragments prepared by tagmentation in solution-phase Tn5
transposome with those by sonication.3 The signature of 9-bp
overlap only existed in the transposase treated libraries, and
6.7% of the fragments were overlapped with 9-bp duplications
(Figure S2A). We then analyzed the fragments that were
prepared by TOM, to confirmed these overlapped ends share
the same barcode. We found a large majority (88.4%) of these
overlapped fragments contained the identical barcode at the
overlapped ends, compared to 16% in those control conditions
that using mixed barcodes on beads (Figure 2B and Figure
S2B). These results proved that through TOM, fragments
generated from the same molecule would have identical
barcode and also share the same 9-bp cut-site duplication
with their neighbor fragment at both ends. This finding offers a
unique potential to concatenate the adjacent short DNA
fragments into a long one. The fragments from different
molecules but sharing the same 9-bp end-duplication by chance
could be recognized by examine the barcodes. The small
portion of overlapped fragments that had different barcodes at
the overlapped ends were generated by different template DNA
which were “coincidentally” tagmented at the same position by
different Tn5 transposomes with different barcodes (Figure
2B). These findings also suggest that the Tn5 tagmentation
process is not perfectly random.20,23 To reduce these effects in
future implementations, one can either increase barcode
complexity or reduce input DNA. Using TOM, we can link
4.5% of the fragments, with the longest linkage reaching 1112
bp (Figure S3). This result verified that even using TOM with
low complexity barcodes, the combination of barcodes with 9-
bp end-duplication at cut-site sequences can be used as UFIs to
identify neighbor fragments.
In some applications such as de novo assembly,14,29 mapping

to high-sequence-similarity genomes3 and RNA sequencing
with abundant transcripts,30 high barcode complexity is still
required even with the information provided by 9-bp end-
duplicate sequences. For these applications, the split-and-pool
on-bead DNA synthesis strategy can be employed.31 Conven-
tionally, oligonucleotides are synthesized using the 3′-to-5′
phosphoramidite chemistry,32,33 which produces oligonucleo-
tides with their 3′ end attached to the surface. Because the Tn5
transposase ligates the 3′ terminus of each transposon strand to
target DNA by 3′−OH groups mediated nucleophilic attacks
and strand transfer,34,35 oligonucleotides with the 3′ end
attached to the beads rely on their opposite strand to be linked
to the target DNA. We hence employed a different
immobilization scheme by tethering 3′ end of the oligonucleo-
tides to the microbeads to verify whether the orientation of the
immobilized oligonucleotides and the additional synthesis step
for the opposite strand would affect tagmentation. To generate
these functional sequences, we performed high-fidelity 5′-3′
elongation initiated by a forward elongation (FE) primer
(Figure 3A,B). We measured the reaction efficiency using a
FAM labeled FE primer and a TAMRA-labeled probe.
Replacement of the TAMRA signal by the FAM signal due to
elongation-induced strand displacement indicates the gener-

ation of functional double strand barcode and Tn5ME. Thus,
the reaction efficiency could be quantitatively assessed by the
signals of the two-color fluorescence on microbeads through
flow cytometry (Figure 3C and Figure S4). Because the steric
effect on the bead surface may have affected the elongation, we
compared elongation efficiency among various polymerases
with strand displacement property, including Klenow fragment
of DNA Polymerase I (Klenow), Klenow fragment exo- and
Phi29, and we found Klenow with the highest efficiency. In a
control experiment without adding FE primer (Klenow w/o
FE), neither elongation nor strand displacement could occur;
thus, the microbeads exhibited a high TAMRA signal (Figure
3C and Figure S4). These results verified that elongation
occurred on the surface of the beads, and the 5′-3′ barcode with
Tn5ME had been successfully generated.
We further tested beads of different materials, sizes, and

surface density of functional groups to check whether these
factors could affect the tagmentation result (Figure 4A). As the
result shows, all prevalent beads have comparable results.

Figure 3. Workflow for 3′-end tethered beads construction and flow
cytometry analysis. (A) Workflow for construction of barcoded beads.
Each barcoded oligonucleotide was tethered on beads independently.
(B) Workflow for Tn5 transposome on beads construction. Two
fluorescent-labeled primers were annealed to the on-bead oligonucleo-
tides. 5′-3′ elongation was performed to generate the forward-strand
barcode and Tn5ME sequence, followed by on-bead Tn5 transposome
assembly. (C) Kernel density estimate plots of flow cytometry results
in log scale. Beads: beads without any primer. N/A: beads with two
primers but not elongated by polymerase.
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Tagmentation resulted in a broad distribution of fragment size,
and after library construction and size selection, the mean size
is ∼450 bp, which is compatible with current NGS platforms
(Figure 4A). Because of the high-fidelity elongation, more than
80% of the barcodes at both ends of paired-end reads were

recognized (Figure 4B). Our demonstration showed that
oligonucleotides tethered to beads by 3′-end can be used to
create high-quality double-strand DNA for barcoding tagmen-
tation. The compatibility of different beads indicated the
potential of applying ultrahigh barcode complexity DNA
synthesis.
To link the fragments and reconstruct the sequence of

original template DNA, a high-reaction-efficiency procedure
with low bias and low tolerance for fragment loss is required,
which highly depends on barcode design. In our previous
design, both ends of the fragments have the same PCR handles,
barcodes, and Tn5ME sequences. These long (54 bp)
sequences may cause intramolecule hairpin formation during
PCR (Figure S5A), and significantly lower the amplification
efficiency and introduce bias. Capillary electrophoresis analysis
showed that when using beads with mixed barcodes, the size
distribution of the fragments was shifted downward compared
to those using identical barcoded beads (Figure 5A). This shift
suggests an amplification bias toward longer molecules when
using identical barcoded beads. This bias might result from the
intramolecule hairpin for short fragments. To eliminate this
bias, we designed a “wobble” version of a barcode by
introducing random nucleotides into the barcode sequence at
specific positions to prevent hairpin formation (Figure S5A)
with optimized annealing temperature. After this optimization,
the fragment size distribution was similar between experiments
with mixed and identical barcoded beads. Because the random
nucleotides were only located in certain positions in the
barcode, we can still accurately identify more than 80% of the
barcodes based on their context (Figure S5B). Furthermore, we
tested whether different barcodes would introduce sequence-
dependent amplification bias by using three different sets of
barcodes. We found even distributions of these barcodes, which

Figure 4. TOM performance using different microbeads. (A)
Fragment-size distribution after tagmentation (blue) and library
generation (yellow) using different microbeads. (B) Percentage of
the fragments that have recognized barcodes in both ends while using
3′-end tethered beads and 5′-3′ elongation.

Figure 5. Bias analysis. (A) Boxplot of the fragments size distribution when using two types of beads (Mixed and Identical) and two types of
barcodes (Fixed and Wobble). (B) Percentage of each barcode presented in fragments when using different numbers of barcodes (labeled as B).
Dashed line represents the expectation. (C) Whole genome copy number profiles using TOM.
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indicates no amplification bias was introduced (Figure 5B). We
also verified TOM has no sequence dependent bias at whole
genome level by performing CNV analysis in a 1M-bin
resolution (Figure 5C). When compared with solution-phase
Tn5 tagmentation, our method shows highly reproducible and
low noise at the whole genome level.

■ CONCLUSIONS
We developed a method, TOM, to restore long-range
information by a sequencing library that was created through
tagmentation and barcoding with microbead-immobilized Tn5
transposome. We showed that TOM has acceptable efficiencies
for both 5′- and 3′-ends tethered oligonucleotides on
microbeads. Tethering oligonucleotides with 5′-ends can
construct mid/high complexity barcodes, whereas the 3′-end
can be more suitable for ultrahigh-complexity barcodes that
required split-and-pool DNA synthesis. We demonstrated that
this method could reconstruct template DNA molecule by
linking adjacent reads through UFIs, which combine uniquely
designed barcodes with the 9-bp duplications at the cut-sites.
By using TOM, 4.5% of the sequenced fragments could be
linked with their neighbor, and the longest linkage is over 1112
bp.
We are the first to show that the Tn5 transposition generated

9-bp duplications at cut-sites can be used to reduce the barcode
complexity requirement for stitching adjacent reads. TOM can
be widely used in various sequencing applications, such as
haplotype phasing, structure variations detection, alternative
splicing analysis, and only requires low complexity of barcodes.
Our method could be further improved by increasing the
template DNA capture efficiency with the Tn5 transposome on
beads and by employing a barcode system with higher
complexity. In general, there was a different requirement
trade-off between barcode complexity and capture efficiency,
which should be taken into consideration for different
applications.
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Materials and Methods 

 

DNA oligonucleotides and sequences 

Barcodes: 

WAS01: 5’-WASATCAACGNS-3’ 

WAS06: 5’-WASGCCAAATNS-3’ 

WAS09: 5’-WASGATACAGNS-3’ 

WAS14: 5’-WASAGTATCCNS-3’ 

WAS17: 5’-WASGTAAGAGNS-3’ 

WAS21: 5’-WASGTTATCGNS-3’ 

WAS25: 5’-WASACTAGATNS-3’ 

WAS27: 5’-WASATTACCTNS-3’ 

N5023: 5’-CTCTCTATTATC-3’ 

N7023: 5’-CGTACTAGAGGC-3’ 

TS023: 5’-CGATGTCAGATC-3’ 

For 5’-end tethered beads: underlined represents barcode bases 

On-beads: 5’-BiotinTEG-Spacer18-

TTTGTGAUGCGATGAACTCAGAGTGCTTNNNNNNNNNNNNAGATGTGTATAAGAGA

CAG-3’ 

Tn5MErev: 5’-Phos-CTGTCTCTTATACACATCT-NH2C6-3’ 

For 3’-end tethered beads: underlined represents barcode bases 

On-beads: 5’-Phos-

CTGTCTCTTATACACATCTNNNNNNNNNNNNAAGCACTCTGAGTTCATCGCATCACA

AA-Spacer18-BiotinTEG-3’ 
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Forward elongation (FE) primer: 5’-FAM-TTTGUGATGCGATGAACTCAGAG-3’ 

Tn5MET-TAMRA: 5’-AGATGTGTATAAGAGACAGT-TAMRA-3’ 

PCR primer: 

BtgZI_PCR: 5’-GATGCGATGAACTCAGAGTGCTT-3’ 

 

Tn5 protein purification 

Tn5 transposase was purified as previously described21, with the following modification: 12-

hour IPTG induction instead of 4-hour induction; protein was bound to the chitin resin by 

overnight rotating in a centrifuge tube. 

 

Tn5 transposome In vitro assembly on barcoded microbeads 

Magnetic streptavidin beads (Hydrophilic Streptavidin Magnetic Beads (NEB), Dynabeads 

MyOne Streptavidin T1 (Invitrogen), Dynabeads M-280 Streptavidin (Invitrogen), Streptavidin 

Coated Magnetic Classical Particles in 1 μm or 3 μm (Bangs Laboratories, CM01N)) were 

washed and diluted according to their binding ability by WB buffer (20 mM Tris-HCl, 1 mM 

EDTA, 1 M NaCl, 0.0005% Triton-X100). 2 μL of 10 μM annealed oligonucleotides with biotin 

were added to 100 μL beads suspension and incubated at room temperature for 5 min with gentle 

rotation. Beads were separated by a magnetic separator and washed twice by 100 μL WB buffer 

to remove unbound oligonucleotides. Functional Tn5ME sequence was already formed on the 5’-

end tethered beads after annealing. The 3’-end tethered beads were washed twice by TE buffer, 

then resuspended in 50 μL elongation buffer containing 1 μL polymerase (Klenow, Klenow exo-, 

Phi29, purchased from NEB), 1 mM dNTP and 1X reaction buffer (NEBuffer 2 for Klenow and 

Klenow exo-, Phi29 reaction buffer for Phi29), and incubated at reaction temperature (37℃ for 
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Klenow and Klenow exo-, 30℃ for Phi29) for 30 min with gentle rotation. After elongation, 

beads were separated by a magnetic separator and washed twice by 50 μL WB buffer. Both 5’- 

and 3’-end tethered beads with functional Tn5ME sequence were resuspended by 100 μL WB 

buffer and stored at 4℃. Before use, beads were separated by magnet and wash twice by 20 μL 

TE buffer. Upon usage, 5 μL purified Tn5 transposase was added to it with a few pipetting and 

incubated at room temperature for 30 min with gentle rotation. 

 

Tn5 transposome on microbeads tagmentation and gap-filling 

For each 5 μL on-beads Tn5 transposome, 10 μL H2O, 1 μL HEK293 cell gDNA (5 ng/μL) and 

4 μL 5X TAPS buffer (50 mM TAPS-NaOH, 25 mM MgCl2, 40% PEG-8000) were added. 

Tagmentation was performed at 55℃ for 1 hour, which has better performance than 10 min and 

similar performance as 3 hours (data not shown), with gentle rotation. After tagmentation, the 

target DNA were linked with barcode beads by either covalent bond (5’-end tethered beads) or 

hydrogen bond (3’-end tethered beads). The reaction was stoped by magnet separation. The 

beads were wash twice by 20 μL Strip buffer (20 mM EDTA, 5 mM Tris-HCl) and incubated in 

20 μL Strip buffer at 50℃ for 30 min to strip The Tn5 from target DNA. Then the beads were 

separated by magnet and washed twice by 20 μL TE buffer. 

For 5’-end tethered beads, gap-filling buffer (15 μL H2O, 2 μL NEBuffer 4, 2 μL of 10 mM 

dNTP, 1 μL Klenow exo-, 1 μL USER Enzyme (NEB)) were added to resuspended the beads and 

incubated at 37℃ for 30 min. After gap-filling, beads were separated by magnet and supernatant 

was collected. To prevent the free primer messed up the barcode during PCR, digestion was 

performed by adding 1 μL Mung Bean Nuclease (NEB) and incubated at 30℃ for 10 min, 

followed by adding 1 μL 5X TS buffer (Vazyme) to deactivate Mung Bean Nuclease. For 3’-end 
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tethered beads, gap-fill were performed by melting and Q5 elongation in 10 μL H2O,10 μL Q5 

High-Fidelity 2X Master Mix (NEB) and incubated at 72℃ for 30 min.  

 

PCR amplification and purification 

For 5’-end tethered beads, each tube was added 5 μL of 10 μM Primer and 25 μL Q5 High-

Fidelity 2X Master Mix. For 3’-end tethered beads, each tube was added 10 μL H2O, 5 μL of 10 

μM Primer and 15 μL Q5 High-Fidelity 2X Master Mix. Then PCR amplified with the following 

program: 98℃ for 3 min, 18 cycles of 98℃ for 25 s, 60℃ for 30 s and 72℃ for 90 s, followed 

by 72℃ for 3 min and hold at 4℃. After PCR, DNA was purified by 1:1 ratio of VAHTS DNA 

Clean beads (Vazyme), quantified by Qubit dsDNA HS Assay Kit (Invitrogen), and analyzed by 

Fragment Analyzer (Advanced Analytical Technologies). 

 

Preparation of NGS compatible library and sequencing 

A Type II restriction enzyme was used to remove the PCR handle in the both ends of 

fragments in a 20 μL reaction contain 10~500 ng DNA, 1X NEBuffer 4, and 1 μL BtgZI (NEB). 

After that, standard library preparation was performed according to the standard procedure of 

NEBNext Ultra II DNA Library Prep Kit (NEB) with 200~600 bp size selection. The libraries 

were pooled together, qualified and sequenced on Illumina MiniSeq or HiSeq platform. 

 

Sequencing data analysis 

Sequencing adapters, un-cut PCR handle, and Tn5ME sequence on both ends of paired reads 

were recognized and removed by Cutadapt (Version 1.12),36 the 12 bp barcodes were recorded. 

Then reads were aligned to human genome reference hg38 by Bowtie2 (Version 2.2.9) with -N 1 
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-L 20 -reorder, and stored as a BAM file.37 Then the aligned reads were paired and labeled by 

barcode at both ends by a custom Perl script, and transformed into a BED file, overlapped 

fragments were extracted by Bedtools (Version 2.26.0).38 To perform CNV analysis, reads in 

BAM file were filtered by mapping quality score >20 and duplicates were removed by Samtools 

(Version 1.3.1),39 then copy number was called using CNVkit package.40 Results were plotted by a 

custom Python script using Pandas and Seaborn package. 

 

FACS analysis 

Beads were separated by magnet and washed by WB buffer and resuspended in 0.1X WB 

buffer. BD LSRFortessa cell analyzers were used to perform fluorescence-activated cell sorting 

(FACS) analysis. FAM was measured by 488 nm laser with 530/30 filter, TAMRA was 

measured by 561 nm laser with 585/20 filter. For each sample, more than 104 events were 

recorded. 
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Supplementary Figure S1. Illustration of the long-range linkage using TOM. 
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Supplementary Figure S2. Relative counts for overlapped fragment pairs. (A) The 9-bp 

overlapped fragments was enriched in TOM library, but not in sonication fragmented library. (B) 

Comparison of using mixed beads and identical beads. 
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Supplementary Figure S3. A demonstration of the longest linkage. 
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Supplementary Figure S4. Density plots of flow cytometry data in log scale. 
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Supplementary Figure S5. Wobble barcode design and recognition. (A) Illustration of the 

fragment, barcode and hairpin formation. (B) Percentage of the fragments that have recognized 

barcodes in both ends while using wobble barcodes. 
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